Abstract-The main goal of the IEEE 802.11n standard is to achieve more than 100Mbps of throughput at the MAC service access point. This high throughput has been achieved via many enhancements in both the physical and MAC layers. A key enhancement is frame aggregation which reduces the overheads and increases the channel utilization efficiency. The MAC layer defines A-MSDU and A-MPDU frame aggregations in which MAC overheads are squeezed by aggregating multiple frames into a single large frame before being transmitted. As a consequence of the aggregation, new aggregation headers are introduced and become parts of the transmitted frame. The existence of such headers will have a negative impact on the performance, especially when aggregating frames of small payloads. In this paper, we have analysed the aggregation headers of the 802.11n aggregation schemes and introduced an MSDU frame aggregation that reduces the header's overhead and supports the applications that have a small frame size such as VoIP.
I. INTRODUCTION
IEEE 802.11n [1] is a new standard that introduces many enhancements at the PHY and MAC layers in order to achieve a throughput of up to 100 Mbps at the MAC access service point (SAP). One of the MAC enhancements is frame aggregation where multiple frames are combined and sent as a single long frame. Moreover, IEEE 802.11n enhanced the block ACK (BA) by introducing a compressed block ACK (CBA). The CBA reduces the bitmap to only 8 bytes by removing the 16 fragmentation's bits in each MSDU.
Although frame aggregation reduces the channel access time, it introduces new headers for each subframe. These headers are required for de-aggregation at the receiver side and fixed irrespective of the payload of the aggregated subframes. Moreover, the increasing demand on applications with small frame sizes such as VoIP and on-line gaming as well as the large distribution of the small frames on the internet [2] made it essential to introduce more optimized frame aggregations in order to fulfil the small frame transmission requirements.
A. Frame Aggregation
Frame aggregation is a MAC-layer function that combines several MAC frames into a single PHY Layer Convergence Procedure (PLCP) frame for transmission. Two aggregation types have been defined by 802.11n, aggregate MAC service data unit (A-MSDU) and aggregate MAC protocol data unit (A-MPDU).
1) A-MSDU Aggregation Scheme:
In this aggregation scheme several MSDUs destined to the same receiver are concatenated in a single MPDU. This operation is performed at the top of the MAC layer where the coming MSDUs are buffered and then concatenated in order to form A-MSDU frame. The aggregation process is ended when the size of the buffered MSDUs reaches the A-MSDU frame size or the delay of the oldest MSDU reaches the maximum delay limit. All MSDUs in one A-MSDU should be of the same traffic class, and the subframe header parameters destination address (DA) and source address (SA) should correspond to the receiver address (RA) and transmitter address (TA) of the MAC header, respectively. Multi-casting is not allowed in A-MSDU aggregation. If there is a corruption in any subframe of the A-MSDU, the whole A-MSDU is likely to be dropped. The structure of the A-MSDU frame is shown in Fig. 1 .
2) A-MPDU Aggregation Scheme: The aggregate MPDU (A-MPDU) combines multiple MPDUs frames in a single PHY protocal data unit (PPDU) frame. Since the A-MPDU is constructed from MPDUs, it is possible to aggregate frames with different traffic identifiers (TIDs). But the A-MPDU subframes must be addressed to the same receiver address. Moreover, there is no waiting time during the construction of the A-MPDU. it is formed from the already available packets in the buffer. The corruption of any subframe does not require Fig. 2 . The A-MPDU frame structure.
the retransmission of the whole A-MPDU, only the corrupted MPDUs need to be retransmitted. The structure of the A-MPDU frame is shown in Fig. 2 .
II. RELATED STUDIES
It was obvious that increasing the data rate and changing the coding might increase the performance of the wireless network and that what happened in the IEEE 802.11a wireless networks. The 802.11a throughput has been increased by increasing the data rate to 54Mbps using 5 GHz band and orthogonal frequency division multiplexing (OFDM) modulation. However, Xiao and Rosdahl [3] [4], proved that a theoretical throughput upper limit (TUL) and delay lower limit(DLL) exist for the IEEE 802.11 protocols. The existence of such limits indicate that by simply increasing the data rate without reducing the MAC and PHY overheads the throughput is bounded even when the data rate goes to infinite high. The authors showed that the MAC inefficiency is due to the headers, back-off time, inter-frame spacing and ACKs when the data rate is high or the frame is small. They came to a conclusion that pursuing higher data rates and reducing overheads are necessary in order to increase the throughput.
To overcome the overheads of the IEEE 802.11 MAC, many aggregation schemes have been proposed for the next generation wireless LANs. Y. Xiao [5] classified the aggregation into different aspects and proposed various aggregation schemes for each aspect. In these schemes, the MAC throughput has been enhanced but the aggregation size is still limited to only the fragmentation threshold. Packing and concatenation [6] and aggregation above the MAC layer [7] are early aggregation attempts but their aggregation headers still considered large for small payloads and the behaviour under erroneous channel has not been addressed.
Other aggregation schemes perform fragmentation before aggregation. In the aggregation and fragment retransmission scheme (AFR) proposed by Tianj Li, et al. [8] , multiple packets are fragmented and then aggregated into a single large frame. Only the corrupted fragments are retransmitted instead of the whole frame. This scheme provides error control of the transmitted fragments but introduces more headers and delay. Moreover, large buffers are required to enable the fragmentation/de-fragmentation processes.
Riggio [9] as well as Selvam and Srikanth [10] introduced adaptive aggregation schedulers based on the network parameters and the aggregation buffer size. The IEEE 802.11n adopted the A-MSDU and A-MPDU schemes as aggregation schemes in the next generation wireless networks. Many researchers have investigated the performance of these two schemes in terms of throughput and delay under different traffic characteristics and different network conditions. Skordoulis, et al. [11] investigated the 802.11n throughput enhancement under error free channel. Wang [12] investigated the performance of IEEE 802.11n MAC protocols and demonstrated the influence of aggregation, block acknowledgement , and reverse direction on the throughput. Ginzburg and Kesselman [13] presented an analytical framework for estimating the maximum throughput of 802.11n using A-MPDU and A-MSDU aggregation schemes. Kim, et al. [14] showed through their analytical model as well as simulation that in unsaturated regions , the aggregation size has small influence on the throughput, while during saturation, the throughput increases as the aggregation size increases.
The previous works studied the performance of each aggregation scheme and showed the throughput enhancements gained by aggregating small frames. None of them studied the impact of the aggregation headers themselves on the aggregation. In this paper, we have analysed the overheads introduced by the aggregation headers and showed their impact on aggregating small MSDUs. Consequently, an MSDU aggregation scheme has been proposed to support small aggregation headers and provides error control over the aggregated MSDUs. An evaluation of the proposed scheme has been accomplished throughout simulation.
III. ANALYSIS OF THE HEADER'S OVERHEAD
Although the frame aggregation significantly reduces the overheads introduced by the legacy MAC layer, there are many other aspects that need to be investigated in order to have more optimize frame aggregation. These aspects include the header size in comparison to the MSDU size and the aggregation delay introduced due to unsaturated traffic. To the best of our knowledge, none of the previous works has investigated the influence of the aggregation hearers themselves on the performance specificity when the MSDU tends to be small.
In the next section, we have analysed the headers of the A-MSDU and A-MPDU aggregation schemes. In this analysis, we have shown the relation between the headers and the payload size of different aggregation sizes. The analysis is based on the 802.11n MAC structure and the compressed block ACK. We have assumed an error free channel and the subframes are always fitted to a multiple of 4 (0 padding). The MAC headers are included in our analysis since they are modified in some aggregation schemes for sending the shared headers. The ACK headers overhead are not involved in our analysis since we are focusing on the aggregation headers only. Table I shows the notations used in our analysis and their corresponding sizes. 
A. Analysis of the A-MSDU Scheme Headers
The A-MSDU frame consists of n subframes (s f ), each subframe has a header of 14 bytes, variable-size MSDU, and padding (0..3 bytes). The header consists of the source address (SA), destination address (DA) and length (L). The MAC header and FCS are appended to the packed A-MSDU and then submitted to the PHY layer for transmission. The MPDU that is constructed from an A-MSDU can be formulated as follows:
According to our assumption that the padding is zero (sf p = 0), then headers to data ratio (HDR) of an A-MSDU carried in an MPDU can be expressed as: Fig. 3 shows the headers to data ratio of different A-MSDUs having n equal-sized MSDUs. It is obvious that the HDR ratio of the A-MSDU aggregation is inversely proportional to the MSDU size. For small MSDUs of 64,128 and 256 bytes it reaches about 57%, 27%, and 13%, respectively for an aggregation size of 2 subframes. The ratio then decreases with the increasing number of subframes.
For large MSDUs of 1024 and 1500 bytes, the HDR ratio is small and almost constant for any aggregation size. We have concluded that in A-MSDU aggregation, the size of the MSDU plays a major rule in the performance of the A-MSDU. The subframe headers contribute to increasing the header overhead especially for small MSDUs since it is repeated with every subframe. Upon selecting the A-MSDU to aggregate small MSDUs, we had better aggregate as many MSDUs as possible taking into account the time constraints and delay limits of the participating applications. Thus, an optimized A-MSDU frame Fig. 3 . The headers to data ratio of the A-MSDU aggregation scheme.
aggregation can be obtained if the MAC and/or subframe headers are minimized.
B. Analysis of the A-MPDU Scheme Headers
The A-MPDU frame consists of n subframes, each subframe has a delimiter of 4 bytes, variable-size MPDU, and padding (0..3 bytes). The variable size MPDU can either be MSDU or A-MSDUwith the required MAC headers and check frame sequence, here we will assume only MSDUs are aggregated in the A-MPDU frame. The PPDU formed from the A-MSDU can be expressed as follows:
Where n is the number of MSDUs. By assuming that the padding is 0 (sf p = 0), then
The HDR ratio of the A-MPDU can be expressed as follows:
Although the A-MPDU aggregation leads to a high throughput due to its capability to aggregate up to 64 MSDUs or 64KB of payload, the HDR ratio will be large if the aggregated MSDUs are small. Fig. 4 shows that the A-MPDU header to data ratio is not affected by the number of aggregated MPDUs, but depends on the size of the MPDU payload.
In the A-MPDU aggregation, headers are almost constants (MAC headers and FCS) and hardly to be optimized, unless a new MAC design is introduced and take into account the backward compatibility with the legacy 802.11 standard, and that what really happened in the 802.11n green field mode. The only field that we can play around is the delimiter, but Fig. 4 . The headers to data ratio of the A-MPDU aggregation scheme.
the delimiter itself is only 4 bytes and its influence is very small. Another way to optimize the A-MPDU aggregation headers is to avoid the repetition of the whole MAC header with every MPDU and that would be difficult since the A-MPDU was built to support different functionalities such as the group addressing, multi-TIDs and multi-casting. Thus, A-MPDU with its current structure is accepted to aggregate large MSDUs but not small MSDUs.
In the next section, we have introduced a minimized headers MSDU aggregation scheme (mA-MSDU) which reduces the aggregation headers and increases robustness by introducing error control over the individual subframes at the MSDU level. Since in this paper we are focusing on the aggregation headers, we have only shown the structure of the mA-MSDU along with its header analysis. The mA-MSDU scheme structure and header analysis is shown in Sec. IV and the simulation evaluation is conducted in Sec. V.
IV. THE MA-MSDU AGGREGATION SCHEME
Although frame aggregation provides a significant overhead reduction in comparison to the legacy 802.11, other headers need to be added in order to accomplish the aggregation. These headers might become a source of overhead, unless they are optimized and reduced. Due to these headers, one aggregation might be beneficial for certain MSDU sizes and becomes a bottleneck for other sizes depending on the aggregation size (number of MSDUs in the aggregation). From the pervious analysis, we can see that A-MSDU aggregation headers are adequate for large MSDUs but they produce large header overheads for small MSDUs due to the repeated headers with every subframe. The mA-MSDU aggregation scheme minimizes the header overhead by optimizing the repeated headers of the subframes. It aggregates MSDUs that have the same destination address and then maps the MAC headers to subframes headers at the receiver side. It uses a common header to share the information between the subframes. Moreover, an implicit MSDUs sequence control is introduced based on the relative index in the mA-MSDU frame. The MSDUs sequence control enables the scheme to retransmit the corrupted MSDUs in the subsequent transmission. Fig. 5 . The mA-MSDU frame structure.
A. mA-MSDU Frame Format
During the design of the mA-MSDU we have kept the structure of the actual MAC frame unchanged, we only used the variable payload of the MAC frame to build the aggregation. The first byte of the payload is assigned for the common aggregation header (Agg hdr ) and the remaining payload is assigned for the subframes, see Fig. 5 . From now on we will use the term superframe for the aggregation frame.
The aggregation header is a one byte filed, the first 6 bits represent the number of subframes in the superframe, thus 64 subframes can be addressed. The Lost packet (l p), is a one bit filed with a default value of 0. It is set to 1 if the preceding superframe is dropped at the receiver due to either exceeding the retransmission limit or lost ACK. The last bit is reserved for future extension.
The subframe has a maximum size of 2310 bytes and consists of three fields: the subframe header (s f hdr ), MSDU, and subframe check sequence (s f f cs ). The MSDU has a variable size of up to the maximum 802.11 transmission unit (2304 bytes). Aggregation size shall not exceed 7935 bytes which is the maximum A-MSDU size defined in 802.11n. The two bytes (s f f cs ) is used to check the integrity of the subframe. Upon failure of the subframe integrity check, the individual subframe will be marked for retransmission. The subframe header contains control fields that are necessary for de-aggregation at the receiver side. The 12 bits length is used to express the size of the MSDU in the subframe. The retry bit will inform the receiver whether this subframe is a retransmitted subframe or not. If it is a retransmitted subframe, it will be checked before being added to the receiver queue (RQ) to avoid duplication. The f lush bit is set when the subframe is a retransmitted subframe and its lifetime has been expired. Upon receiving a subframe with a flush bit of 1, the receiver will flush out the corresponding subframe with a status flag of 0 from the RQ. The one byte FCS is used to check the validity of the subframe header. The signature byte is used to align the de-aggregation in case of corruption of any subframe.
B. mA-MSDU Aggregation Scheme Description
The ideas behind the mA-MSDU are to reduce the headers of the subframes and enable subframe retransmission at the MSDU level. The aggregated MSDUs that are destined to the same destination will share the addresses of the holder MPDU. Only the number of subframes, MSDU length, and some status flags are associated with the MSDU in order to enable the de-aggregation process at the receiver side. Moreover, an implicit sequence control is introduced for the subframes based on their index in the mA-MSDU aggregation frame. The sequence control enables the scheme to retransmit the corrupted subframes in the next subsequent retransmissions and keeps the subframe ordering at the receiver side.
At the sender MAC layer, the received MSDUs from the upper layer are queued in a queue called transmitting queue (TQ). While constructing the superframe, only the MSDUs that have the same destination address as the head of the queue will be associated with the necessary aggregation header and then appended to the superframe. The index of the subframe in the superframe will be considered as a sequence number of that subframe and the index filed in the TQ of the corresponding MSDU will be updated accordingly. The MSDUs in the TQ that are not involved in the current superframe will have an index of -1.
Upon receiving the superframe at the receiver side, the de-aggregation process will start. Based on the s f f cs , the subframe will be added to the RQ with a status of 1 if received successfully or 0 otherwise. If the RQ is full the remaining subframes will be dropped and considered as if they were received with errors. The bitmap acknowledgement will be constructed according to the status flags of the subframes in the RQ and then sent back to the receiver. If the correctly received subframes are in correct order, they will be forwarded to the upper layer and removed from the RQ.
At the sender side, the TQ will be updated according to the received bitmap. If the bit i in the bitmap is set to 1, the MSDU with index i in the TQ will be considered as received correctly and then removed, otherwise it will be considered as lost and will be retransmitted at the head of the next superframe. The lost superframe will be retransmitted according to the retry limits. If the retry limit is exceeded, the MSDUs in TQ that constitute the superframe will be dropped and the l p flag in the next superframe will be enabled in order to flush out the subframes that are unordered in the RQ.
C. Analysis of the mA-MSDU Headers
In the mA-MSDU we are aggregating MSDUs, so the analysis will be similar to the A-MSDU analysis but with different subframe structure. The mA-MSDU subframes will include the subframe check sequence, optimized subframe header, and the MSDU itself. A common aggregation header is added to control the de-aggregation at the receiver side.
Then, the HDR ratio can be expressed as follows:
Where n is the number of aggregated MSDUs. Fig. 6 depicts the headers to data ratio of the mA-MSDU. The mA-MSDU behaviour is similar to the other aggregation Fig. 6 . The headers to data ratio of the mA-MSDU aggregation scheme.
schemes but with a smaller header to data ratio. To aggregate 8 MSDUs of size 128 bytes each, the mA-MSDU headers to data ratio is 8.5% whereas it is 15% and 34% for A-MSDU and A-MPDU respectively, refer to Figs. 3 and 4.
V. PERFORMANCE EVALUATION
Simulation experiments have been conducted in order to evaluate the header to data ratio of the mA-MSDU scheme and compare it to the ratio of the A-MSDU and A-MPDU schemes. We have used the point to point simulation scenario 17 of the usage model [15] . The scenario includes a fixed high throughput (HT) access point (AP) and a fixed HT station (STA), both operating over a 20 MHz. We have used constant bit rate (CBR) UDP traffic to generate a variable load by varying the packet size and keeping the packet interval at 80μs. The traffic flows from the STA (source) to the AP (sink) with the assumption that all the sent frames are received successfully without any frame retransmission. We run the simulation for 10 seconds using the ns-2 simulator [16]. The Data rate and basic rate are set to 140Mbps and 54Mbps, respectively.
The simulation runs by fixing the MSDU size and then changing the aggregation size from 2 to 64. The simulation is repeated for different MSDU sizes ranging from 64 to 256 bytes. The simulation results are depicted in Fig. 7 . In case of small MSDUs 64, 128 and 256 bytes, we have examined the headers to data ratio of different aggregation sizes starting from 2 up to 64 MSDUs. The mA-MSDU scheme produces headers reduction of up to 12%, 6%, and 3% over the A-MSDU scheme for MSDU sizes of 64, 128 and 256 bytes, respectively. This decreasing ratio is natural due to the doubling of the MSDU size while keeping the headers unchanged.
Moreover, for an aggregation size of 2, the mA-MSDU headers reduction over A-MPDU reach 28%, 14%, and 7% for MSDU sizes of 64, 128, and 256 bytes, respectively. These ratios keep increasing by increasing the aggregation size and may reach up to 57%, 29% and 14%, respectively if the aggregation size is increased to 32. This behaviour exists due to the linear relation between the A-MPDU payload and its headers. For large MSDUs the header overhead becomes incomparable to the actual MSDU size with a ratio of less than 3%, which can even be neglected. The figures are omitted due to space limitation.
VI. CONCLUSION
The frame aggregation is an elegant technique introduced by the 802.11n standard, and other high speed networks proposals, to reduce the overall headers of the legacy 802.11 wireless networks. However, due to the diversity of the applications and their traffic characteristics, the aggregation might be beneficial for some type of applications and produce more headers and delay for others. From the headers to data ratio point of view and based on our analysis and simulation, the aggregation of large MSDUs is slightly effected by the header size and this affect might be neglected for very large MSDUs. However, for small MSDUs the issue is different, the aggregation headers will contribute to increasing the size of the transmitted MPDU. Thus to aggregate small MSDUs, selecting the aggregation type and size should be subjected to certain criteria depending on the traffic class and delay constraints. Therefore, either we have to develop aggregation schemes that mainly support small MSDUs or to make the existing schemes adaptive in order to dynamically select the appropriate aggregation parameters based on the MSDU size, delay constraints and traffic classes.
Although A-MSDU outperforms A-MPDU if used to aggregate small MSDUs due to its smaller headers, the A-MSDU lacks of error control over the aggregated MSDUs. Moreover, to aggregate small MSDUs both A-MSDU and A-MPDU headers need to be optimized. The proposed mA-MSDU scheme tries to overcome these limitations by introducing small headers and enabling error control over the aggregated MSDUs. The analysis and simulation show the conformity of the mA-MSDU scheme on aggregating small MSDUs with relatively small attached headers. In the future, the complete mA-MSDU mechanism with its scheduling algorithm and retransmission mechanism will be addressed.
